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GRAPHICAL  ABSTRACT 


►  Coating  Si02  mesoporous  layer  on 
Ti02  electrode  improves  the  inci¬ 
dent  light  into  dye-sensitized  solar 
cells. 

►  Coating  Si02  layer  on  Ti02  porous 
electrode  shows  an  increase  of  Jsc  by 
approximately  17.6%. 

►  Ti  foil  based  flexible  sub-module 
DSC  (5  cm  x  10  cm)  shows  high 
conversion  efficiencies  of  5.54%  un¬ 
der  1  sun  irradiation. 
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The  present  study  focuses  on  enhancing  the  efficiency  of  bifacial  and  back-illuminated  dye-sensitized 
solar  cells  (DSCs)  by  incorporating  Si02  mesoporous  layer  onTi02  electrode.  The  performance  of  DSCs  is 
investigated  by  UV-visible  spectroscopy,  incident  photon  conversion  efficiency  (IPCE)  and  electro¬ 
chemical  impedance  spectroscopy  (EIS).  It  is  observed  that  the  current  ratio  of  back-  to  front-DSC  in¬ 
creases  with  the  increase  in  the  thickness  of  Si02  layer,  which  in  turn  influences  the  incident  light  to 
dyed-Ti02  electrode,  especially  in  the  wavelength  of  400—600  nm.  The  Ti  foil  based  flexible  small 
(0.28  cm2)  and  sub-module  (5  cm  x  10  cm)  DSCs  having  this  modification  show  high  conversion  effi¬ 
ciencies  of  6.76  and  5.54%  respectively  under  100  mW  cm-2  (AM  1.5). 
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1.  Introduction 

Photovoltaic  applications  of  dye-sensitized  solar  cells  (DSCs) 
have  been  studied  extensively  in  recent  years  due  to  their  high 
conversion  efficiency  and  low  cost  in  fabrication  [1,2].  A  DSC  gen¬ 
erates  photocurrent  through  ultra-fast  injection  of  electrons  from 
photo-excited  dye  molecules  into  the  conduction  band  of  a  semi¬ 
conductor  such  as  Ti02  or  ZnO.  This  process  is  followed  by  dye 
regeneration  and  holes  transportation  to  the  counter  electrode.  In 
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(a)  Conventional  sandwich  DSCs 


Back  view  Front  view  Back  view 


Front  view 


(b)  Conventional  sandwich  DSCs  with  Ti02  scattering  layer 
Back  view  Front  view  Back  view 


Front  view 


(c)  Conventional  sandwich  DSCs  decorated  with  SiO?  NPs 
Back  view  Front  view  Back  view 


Front  view 


TiO*(  nc  )  +  Dye 


Si02  nc  i  Electrolyte 
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Fig.  1.  Cell  structures  and  photographies  of  DSCs  (a)  without  and  (b)  with  Ti02  scattering  layer,  (c)  DSCs  decorated  with  Si02  NPs  layer  on  Ti02  porous  electrode. 


recent  times,  extensive  research  has  been  focused  on  novel  bifacial 
and  flexible  solar  cells  for  facilitating  them  in  to  advanced  applica¬ 
tions.  Bifacial  solar  cell  could  produce  up  to  50%  more  electric  power 
by  collecting  albedo  radiation  from  the  surroundings  [3].  The 


lightweight  and  flexible  metal  foil,  such  as  Ti  foil  and  stainless  steel, 
enable  roll-to-roll  mass  production  and  make  it  possible  to  extend 
DSCs  to  newer  applications.  At  this  stage,  it  is  very  important  to  note 
that  the  conversion  efficiency  of  the  DSCs  may  also  be  improved 
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Fig.  2.  Relationship  between  the  photovoltaic  characteristics  of  DSCs  with  Si02-decorated  Ti02  electrode  (10  pm)  containing  different  thicknesses  of  the  Si02  particles.  Black  squares 
and  red  circles  represent  front-  and  back-side  illumination,  respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version 
of  this  article.) 


from  back-side  irradiation.  Therefore,  many  attempts  have  been 
made  to  explore  the  high  transparent  counter  electrodes  [4-7],  and 
the  colorless  electrolytes  for  DSC  [8-14].  However,  the  incorporation 
of  robust  electrolytes  for  durable  DSCs  is  still  based  on  I-/ 13  system 
and  reduction  in  the  light  absorption  by  this  bulk  electrolyte  be¬ 
comes  a  critical  issue.  In  the  present  study,  the  influence  of  deco¬ 
ration  of  Si02  layer  on  Ti02  electrode  of  the  DSC  on  the  light 
scattering  and  passage  of  incident  light  leading  to  effective  perfor¬ 
mance  during  back-  and  front  side  irradiation  is  reported.  The 
photoelectrochemical  characteristics  of  DSCs  have  been  extensively 
studied  using  UV-visible  spectroscopy,  electrochemical  impedance 
spectroscopy  (EIS)  and  incident  photon  conversion  efficiency  (IPCE). 
The  influences  of  different  concentrations  of  I2  on  the  performance 
of  Ti  foil  based  sub-module  DSC  have  also  been  examined. 


2.  Experimental 

2.1.  Preparation  ofTi02  electrode  and  device  fabrication 

Anatase  Ti02  nanoparticles  (ca.  20  nm  diameter)  were  hydro- 
thermally  prepared  in  a  Ti-based  autoclave  as  reported  previously 
[15].  The  screen-printable  TiC^  paste  prepared  by  thorough  mixing 
of  4.3  g  of  Ti02  nanoparticle,  56  ml  of  ethyl  cellulose,  and  45  ml  of 
terpineol  was  coated  on  2.2  mm  thick  fluorine-doped  tin  oxide 
glass  (FTO  glass,  Pilkington,  TEC-8, 8  Q  square-1)  and  50  pm  thick  Ti 
foil,  which  was  pre-treated  with  H2O2  for  8  h,  by  a  screen-printing 
procedure.  The  screen-printed  Ti02  electrodes  were  annealed  at 
500  °C  for  1  h  in  a  stream  of  air.  For  comparison,  we  coated  SiC^ 
particles  of  different  thicknesses  on  Ti02  electrode.  The  Si02  paste 
was  prepared  by  thorough  mixing  of  15  nm  and  500  nm  diameter 
Si02  (w/w  =  1  /4)  with  56  ml  of  ethyl  cellulose,  and  45  ml  of  ter¬ 
pineol.  The  Si02  paste  was  coated  on  the  top  of  Ti02  film  and  similar 
annealing  procedure  as  described  above  was  followed.  After  cool¬ 
ing  to  room  temperature,  the  Ti02  electrodes  were  immersed  in 
a  N719  dye  bath  at  40  °C  for  12  h.  The  dye  solutions  were  prepared 


by  adding  0.3  mM  of  N719  in  a  mixture  of  tert- butyl  alcohol 
(t-BuOH)  and  AN  (v/v  =  1/1).  The  dyed  anode  was  rinsed  with  AN, 
and  then  dried  at  60  °C  for  5  min.  Thermally  platinized  FTO  glass 
was  used  as  the  counter  electrode  and  a  low-volatility  electrolyte 
with  the  composition  of  0.8  M  PMII,  0.05  M  I2,  and  0.5  M  NMBI  in 
AN/MPN  (v/v  =  1/1)  was  employed.  The  active  area  ofTi02  working 
electrode  of  small  cell  and  sub-module  are  0.28  cm2  and  22.4  cm2, 
respectively. 


2.2.  Photoelectrochemical  and  electrochemical  impedance 
spectroscopy  (EIS)  measurements 

Photoelectrochemical  measurements  were  carried  out  at  open 
circuit  conditions  after  a  period  of  continual  light  irradiation,  being 
allowed  to  cool  and  equilibrate  at  room  temperature.  Solar 


Fig.  3.  Incident  photo-to-conversion  efficiency  (IPCE)  spectra  of  DSCs  with  and  with¬ 
out  20  pm  Si02  layer  on  Ti02  electrodes  for  front-side  and  back-side  irradiation. 
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Table  1 

Photovoltaic  characteristics  and  EIS  elements  of  DSCs  with  and  without  Si02  layer 
(20  |im)  on  porous  Ti02  film  (10  pm),  at  one  sun  irradiation  (AM  1.5),  and  front-  and 
back-illumination,  respectively. 


Electrode 

Jsc 

(mA  cm-2) 

Ydc 

(V) 

FF 

V 

(%) 

Rcti 

(£2) 

Re  2 
(£2) 

Re  le 
(£2) 

Ti02  (front) 

13.39 

0.725 

0.675 

6.55 

4.8 

16.3 

7.2 

Ti02  (back) 

9.61 

0.720 

0.692 

4.79 

4.7 

23.5 

6.8 

Ti02/Si02  (back) 

11.67 

0.725 

0.685 

5.80 

4.8 

19.5 

8.8 

Real  interface  resistance  between  Pt  electrode  and  electrolyte;  Rct2\  interface 
resistance  between  Ti02  and  electrolyte;  Re ie:  diffusion  resistance  of  electrolyte. 


simulator  (an  AM  1.5,  Yamashita  Denso,  YSS-100A)  was  used  as  the 
irradiation  source  for  the  current  density-voltage  (J—  V).  The  in¬ 
tensity  of  simulated  sunlight  was  calibrated  to  100  mW  cm-2  by 
using  a  silicon  reference  cell.  Related  data  were  collected  by  an 
electrochemical  analyzer  (Autolab,  PGSTAT30)  at  25  °C.  For  EIS 
measurements,  we  applied  a  forward  bias  set  at  the  open  circuit 
voltage  (Voc)  with  AC  amplitude  of  10  mV,  between  the  working 
and  counter  electrodes,  and  the  frequency  range  was  fixed  from 
100  kHz  to  100  mHz.  The  equivalent  circuit  model  used  for  EIS 
analysis  is  similar  with  the  previous  reports  [16,17]. 


3.  Results  and  discussion 

Schematic  cell  diagrams  and  photographies  of  rigid  DSC  without 

(a)  and  with  Ti02  (b)  scattering  layer,  and  DSCs  decorated  with  Si02 
mesoporous  layer  on  Ti02  porous  electrode  (c)  are  shown  in  Fig.  1. 
The  solar  cells  become  semi-transparent  when  no  scattering  layer 
is  present  on  Ti02  electrode.  The  semi-transparent  nature  still  re¬ 
mains  even  for  the  photoanode  coated  with  Si02  layer  (Fig.  1(a)  and 

(b) ).  However,  by  incorporating  the  Ti02  scattering  layer,  the  cell 
becomes  darkened,  which  may  be  associated  with  excellent  trap¬ 
ping  of  incident  light  by  the  Ti02  particles  (Fig.  1(c)).  The  above 
phenomenon  is  an  evidence  for  the  good  performance  of  the  solar 
cell  containing  TiC^  scattering  layer  in  the  front-side  irradiation. 
However,  for  back-side  irradiation,  TiC^  scattering  layer  should  not 
be  used  and  the  light  absorption  by  the  electrolyte  takes  place  in 
the  region  of  400-600  nm.  Therefore,  decoration  of  Si02  meso¬ 
porous  film  on  Ti02  electrode  was  carried  out  for  facilitating  the 
passage  of  incident  light,  which  in-turn  reduces  the  light  absorp¬ 
tion  by  r/Ij  in  the  electrolyte.  The  performance  characteristics  of 
DSC  containing  different  thicknesses  of  Si02  nano-particles  on  Ti02 
electrode  are  shown  in  Fig.  2.  There  is  no  change  in  Voc  values,  but 
Jsc  increases  and  fill  factor  (FF)  decreases  with  an  increase  in  the 
thickness  of  the  Si02  layer.  For  back-side  irradiation,  the  increase  in 
the  Jsc  is  due  to  the  presence  of  Si02  layer  which  contributes  for  the 
excellent  light  transmission.  More  the  number  of  Si02  nano¬ 
particles  present  in  bulk  electrolyte,  higher  will  be  the  incident 
light  passing  through  the  dyed-TiC^  electrode,  which  can  reduce 
the  light  absorption  (350-600  nm),  leading  to  an  increase  of  Jsc  by 
approximately  17.6%.  For  front  side  irradiation,  the  increase  of  Jsc  is 
about  6.8%  on  account  of  the  present  of  Si02  scattering  layer,  which 
is  confirmed  by  recent  literature  studies  [18,19].  A  small  decrease  of 
FF  (ca.  1%)  is  due  to  the  increase  of  series  resistance  of  DSC  with  Si02 
layer.  Fig.  3  shows  the  IPCE  spectra  of  DSC  with  and  without  Si02 
layer  from  back-  and  front-side  irradiation.  DSCs  with  Si02  layer 
exhibit  high  value  of  IPCE  in  the  wavelength  of  400-800  nm  and 
400-600  nm  for  front  and  back-side  irradiation,  respectively.  The 
above  study  reveals  that  for  both  side  illuminations,  efficient  light 
scattering  is  responsible  for  the  red  shift  in  the  action  spectra.  DSC 
containing  TiC^  electrode  decorated  with  Si02  layer  exhibits  a  bet¬ 
ter  performance  when  compared  to  their  counterpart  without  Si02 
layer  and  as  a  result  of  this,  the  efficiency  increases  from  6.55  to 
7.10%  (an  increase  of  ca.  7.7%  value)  and  4.79-5.80%  (an  increase  of 


ca.  17.4%  value)  for  front  and  back-side  irradiation,  respectively 
(Table  1). 

In  addition,  EIS  was  used  for  studying  the  performance  of  the 
bifacial  DSCs  (Fig.  4(a)).  Generally,  all  the  spectra  of  the  DSCs  exhibit 
three  semicircles,  which  are  assigned  to  electrochemical  reaction  at 
the  Pt  counter  electrode  (Rcti).  charge  transfer  at  the  dyed-Ti02 
electrode  (Rct2)  and  Warburg  diffusion  process  of  r/Ff  in  electrolyte 
(Reie).  The  Rs  and  CPE  represent  series  resistance  and  constant 
phase  element  (equivalent  electrical  circuit  component  that  models 
the  behavior  of  a  double  layer,  an  imperfect  capacitor),  respectively. 
Each  semicircle  was  analyzed  using  a  simple  equivalent  circuit 
model  (Fig.  4(b))  and  the  characteristic  parameters  are  listed  in 
Table  1.  It  is  noted  that  the  Rs  and  Rcti  take  a  constant  value  of  25 
and  4.8  Q  for  front-  and  back  irradiation  respectively.  The  semicircle 
of  Rct2  for  back-side  irradiation  (23.5  Q)  is  found  to  be  higher  than 
that  of  front-side  irradiation  (16.3  Q),  indicating  a  lengthy  electron 
transport  in  the  front  side  Ti02  electrode.  It  is  also  observed  that  the 
value  Reie  for  front  side  irradiation  is  slightly  higher  than  that  of 
back-side  irradiation. 

The  above  phenomenon  may  be  correlated  with  the  fact  that  for 
front-side  irradiation,  the  excited  electrons  are  very  close  to  the  FTO 
substrate,  and  as  a  result  of  this,  the  transport  of  electron  through  I3 
diffusion  may  take  long  time  from  the  reduced  dye  to  the  Pt  counter 
electrode  in  the  narrow  Ti02  pore.  On  the  other  hand,  in  the  case  of 
back-side  irradiation,  the  distance  for  electrons  transportation  is 
short  as  the  excited  dye  is  close  to  the  Pt  counter  electrode.  As 
a  result  of  this,  the  ionic  diffusion  resistance  of  the  electrolyte  (Reie) 
is  low  for  back-side  irradiation.  These  behaviors  are  also  confirmed 
by  recent  literature  [20]. 

Moreover,  for  back-side  irradiation,  DSC  with  SiC^  layer  obvi¬ 
ously  shows  a  drastic  change  in  the  cell  performance,  specifically  an 
increase  in  the  Jsc  value  from  9.61  to  11.67  mA  cm-2,  as  shown  in 
Fig.  3  and  Table  1.  As  noted  in  the  EIS  analysis  (Fig.  4),  a  slight 
increase  in  the  value  of  Reie  by  the  addition  of  porous  Si02  layer  may 
cause  reduced  movement  of  r/Ff  in  the  bulk  electrolyte.  The 
decrease  in  the  Rct2  value  from  23.5  to  19.5  Q  may  be  due  to  the 


Fig.  4.  (a)  Nyquist  plot  of  EIS  analysis  for  DSCs  with  and  without  Si02  layer  (20  pm)  on 
porous  Ti02  electrode,  from  front-side  and  back-side  irradiation  at  open-circuit  voltage 
conditions,  (b)  The  equivalent  circuit  plot  of  DSC  in  this  study. 
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Fig.  5.  (a)  The  UV-visible  spectra  of  electrolytes  containing  various  concentrations  of  I2.  (b)  And  (c)  show  the  IPCE  of  DSCs  for  front-  and  and  back-side  irradiation  respectively, 
(d)  The  relationship  between  Js c  and  V0c  of  DSCs  with  various  I2  concentrations  in  electrolytes. 


Nano-Pt  Tl  foil 


Ag  wire 


era 

3- 


Dyed-Ti02  electrode  0.8  cm 


Fig.  6.  Schematic  diagrams  of  Ti  foil  based  DSC  without  (a)  and  with  Si02  layer  (b)  on  Ti02  porous  electrode,  (c)  Ti  foil  based  sub-module  DSC  (5  cm  x  10  cm). 


absorption  of  more  incident  light  on  the  dyed-TiC^  electrode 
through  Si02  layer,  which  can  generate  high  electron  flux  in  the 
Ti02  anode. 

It  is  well  known  that  I2  exists  in  the  electrolyte  with  iodides  in 
the  form  of  polyiodides  such  as  I3  or  I5 .  An  efficient  transport  of 
iodide  and  triiodide  in  the  electrolyte  is  necessary  for  the  good 
performance  of  a  DSC,  because  the  oxidized  dye  should  be  regen¬ 
erated  by  P  efficiently  after  the  electrons  from  the  excited  state  of 
the  dye  are  injected  into  the  conduction  band  of  Ti02  under  illu¬ 
mination.  At  the  same  time,  the  electrons  accumulated  at  the 
counter  electrode  through  the  external  circuit  will  lead  to  con¬ 
centration  overpotential  in  the  electrolyte  and  results  in  the  loss  of 
energy  for  the  DSC,  provided  the  electrons  are  transferred  effi¬ 
ciently  from  the  counter  electrode  to  I3 .  However,  an  increase  in  the 
content  of  I2  (or  I3)  leads  to  enhanced  light  absorption  by  the 
electrolyte  in  the  visible  range  (Fig.  5(a)).  In  addition,  excessive  I2 
would  also  increase  the  dark  reduction  current.  Therefore,  a  pho¬ 
toelectrochemical  study  on  finding  optimal  ratio  of  P/I3  is 
necessary  to  achieve  good  performance  for  a  DSC,  especially  for 
back-illuminated  solar  cell.  The  IPCE  curves  of  DSCs  for  front-side 
and  back-side  illumination  with  different  concentrations  of  I2  in 
the  electrolyte  are  shown  in  Fig.  5(b)  and  (c),  respectively.  DSC  with 


front-side  illumination  exhibits  decrease  of  visible  light  wavelength 
from  400  to  500  nm,  but  back-side  illuminated  DSC  shows  an 
obvious  decrease  of  wavelength  from  400  to  600  nm  due  to  the 
absorption  of  part  of  incident  light  by  P/Ij  solution.  The  above 
results  show  that  Si02  layer  may  be  kept  between  electrodes  in  the 
back-side  illuminated  DSC  path  for  good  light  transport.  In  Fig.  5(d), 
the  ratio  of  Jsc  corresponding  to  back-  to  front-side  illumination 
increases  from  0.67  to  0.83  and  from  0.65  to  0.79  for  the  DSCs  with 
and  without  Si02  layer,  respectively,  when  the  I2  concentration 
decreases  from  0.1  M  to  0.01  M.  The  ratio  of  Jsc  for  back-  to  front¬ 
side  is  always  high  for  DSC  with  SiC^  layer  and  this  indicates  that 


Table  2 

Photovoltaic  characteristics  of  Ti  foil  based  DSCs  with  20  pm  Si02  layer  on  Ti02 
electrode  containing  various  concentrations  of  /2. 


I2  cone. 

Jsc  (mA  cm  2) 

Voc  (V) 

FF 

vW 

0.05  M 

11.83 

0.711 

0.739 

6.21 

0.04  M 

12.20 

0.732 

0.727 

6.49 

0.03  M 

12.72 

0.734 

0.724 

6.76 

0.03  M  (without  Si02) 

11.25 

0.740 

0.725 

6.04 

0.02  M 

12.92 

0.745 
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Potential  /  V 


Fig.  7.  The  i—v  curve  of  Ti  foil  based  DSC  sub-module  (5  cm  x  10  cm)  with  Si02  layer 
(20  pm)  on  Ti02  electrode  (15  pm)  under  illumination  of  100  mW  cm-2  (AM  1.5). 

decorating  Si02  layer  on  Ti02  electrode  is  effective  in  increasing  the 
intensity  of  incident  light  on  the  anode,  especially  for  back-side 
illuminated  DSC. 

Furthermore,  we  also  put  this  design  as  schematic  in  Fig.  6(a) 
and  (b)  for  back-side  illuminated  DSC  with  and  without  Si02 
respectively  as  well  as  in  Fig.  6(c)  for  Ti  foil  based  sub  module  DSC. 
The  photoelectrochemical  characteristic  parameters  of  Ti  foil  based 
DSC  with  Si02  layer  on  Ti02  electrode  with  different  iodide  con¬ 
centrations  are  shown  in  Table  2.  With  a  decrease  in  the  iodide 
concentration,  an  initial  hike  in  the  Jsc  value  is  noted,  which  may  be 
due  to  the  increase  in  incident  photon  and  decrease  in  electron 
recombination  rate.  However,  the  decrease  of  FF  values  from  0.74  to 
0.67  is  due  to  the  decrease  in  ionic  conductivity  of  electrolyte.  The 
best  Jsc  and  FF  values  of  12.72  mA  cm-2  and  0.72  respectively  are 
obtained  for  the  DSC  containing  an  optimal  concentration  of  0.03  M 
of  I2.  This  good  performance  may  be  associated  with  the  higher 
conductivity  of  Ti  foil  than  FTO  glass.  Finally,  as  shown  in  Fig.  6(c), 
we  scale  up  the  solar  cell  area  from  0.28  cm2  to  5  cm  x  10  cm  of 
sub-module  DSC  with  Ag  wire  pattern,  and  the  corresponding  i—v 
curves  are  shown  in  Fig.  7.  With  the  optimization  of  Ag  wire  pat¬ 
tern  (i.e.  wide  and  aspect  ratio  of  Ag  wire)  and  Ti02  electrode 
coating  process,  a  good  performance  of  Ti  foil  based  sub-module 
DSC  with  Jsc  of  10.73  mA  cm'2,  l/oc  of  0.702  V.  FF  of  0.734  and 
cell  conversion  efficiency  of  5.54%  was  obtained  under 
100  mW  cm-2  (AM  1.5). 

4.  Conclusions 

In  this  study,  the  excellent  performance  of  bifacial  and  back- 
illuminated  dye-sensitized  solar  cells  by  the  decoration  of  Si02 
mesoporous  layer  with  Ti02  was  successfully  demonstrated.  The 


photocurrent  of  front-  and  back-illuminated  DSC  with  the  optimal 
thickness  of  Si02  (20  pm)  enhances  owing  to  high  scattering  and 
broad  optical  channel  in  the  electrolyte  The  enhancement  in  cell 
conversion  efficiency  of  the  DSCs  from  6.55  to  7.10%  and  4.79-5.80% 
are  noted  for  front  and  back-side  irradiation,  respectively.  The  ratios 
of  the  respective  efficiencies  for  front  and  back-side  irradiation  also 
increase  from  0.72  to  0.82.  Finally,  by  incorporating  this  mod¬ 
ification  onTi  foil  based  flexible  DSC  with  optimum  concentration  of 
I2,  a  good  conversion  efficiencies  of  6.76  and  5.54%  for  0.28  cm2 
small  cell  and  5  cm  x  10  cm  sub-module  DSC,  respectively,  were 
obtained  under  100  mW  cm-2  (AM  1.5). 
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